Abstract Triplex-forming oligonucleotides (TFOs) can bind specifically to polypurine sequences in double-stranded DNA. A single interruption of this polypurine tract can greatly destabilize triplex formation. The stability of triplexes can be significantly enhanced by covalently linking the TFO to its DNA target with reactive functional groups conjugated to the TFO. Covalently cross-linked TFOs are effective inhibitors of transcription of the target DNA sequence. We have designed a TFO with a platinummodified base that can interact with and cross-link to a cytosine interruption in the polypurine tract of a target DNA duplex. The TFO contains an N 4 -(aminoalkyl)cytosine derivatized with cis-diamminediaquaplatinum(II) or trans-diamminediaquaplatinum(II). When bound to its target, the tethered platinum of the TFO can reach across the major groove and form an adduct with the guanine N7 of the interrupting CÁG base pair. The optimal tether length is five methylene groups, and cross-linking is most efficient when the tether is modified with trans-diamminediaquaplatinum(II). Cross-linking requires that the TFO is bound to its designated DNA target. Addition of cyanide to the cross-linked TFO product reversed the cross-link, behavior that is consistent with the presence of a platinum-guanine adduct. The kinetics of the cross-linking reaction were studied and the half-life of the cross-linking reaction was approximately 3 h. Our results demonstrate that platinumconjugated TFOs can be designed to cross-link with DNA targets that contain a single pyrimidine interruption. Modifications of this type may prove useful for expanding the DNA sequences that can be targeted by TFOs and increasing the stability of the resulting triplexes.
Introduction
Oligopyrimidines can bind, via the major groove, to contiguous polypurine tracts in double-stranded DNA to form triple-stranded complexes [1] [2] [3] [4] [5] [6] [7] . These triplex-forming oligonucleotides (TFOs), whose backbone orientation is parallel to that of the polypurine tract, bind by forming TÁAT and C ? ÁGC triads. There has been considerable interest in TFOs because of their potential ability to control gene expression either by interfering with DNA transcription [6, [8] [9] [10] [11] [12] or by creating gene-inactivating mutations in DNA [13] [14] [15] [16] .
Because TFOs can be displaced by DNA binding proteins such as RNA polymerase, efforts have been made to enhance their biological effectiveness by enabling them to link covalently to their DNA target. For example, TFOs have been conjugated with alkylating agents such as bromoacetamide [17, 18] or chlorambucil [19, 20] . Once the TFO has bound to its DNA target, the alkylating group can react with nearby guanine residues to covalently attach the TFO to the target. TFOs conjugated with derivatives of psoralen are able to cross-link with their DNA targets upon irradiation with long-wavelength UV light [21] [22] [23] [24] [25] [26] . Platinum derivatives of TFOs have also been found capable of forming adducts with DNA. For example, TFOs containing transplatin-modified guanine residues [27] [28] [29] or transplatin-modified cytosine residues [27, 28, 30] can form adducts through coordination of the platinum with the N7 of a guanine in the target DNA. In addition, platinumderivatized TFOs in which cisplatin is tethered via a linker to the 5 0 -end of the TFO have been shown to form very stable adducts with their DNA targets [31, 32] . These platinum cross-linked TFOs have the advantage of forming a more stable adduct than those formed by alkylating agents, and unlike psoralen-modified TFOs, do not require activation with UV light.
The requirement of a polypurine tract for stable triplex formation places limitations on the sequences that can be targeted by TFOs. A single pyrimidine interruption in the polypurine tract can greatly reduce triplex stability [33] [34] [35] [36] [37] [38] . A considerable effort has been made to design modified nucleotides that are able to address a pyrimidine interruption and thus stabilize the triplex . Although these modifications have achieved varying degrees of success, pyrimidine interruptions still present an obstacle to stable triplex formation.
We have previously reported that N 4 -(2-aminopropyl)-and N 4 -(2-acetamidopropyl)-modified cytosines could address an interrupting cytosine by making contacts across the major groove with the complementary guanine of the interrupting CÁG base pair [41] . Examination of molecular models suggested that tethering a cisplatin group to N 4 -alkyl-modified cytosine in the TFO could position the platinum to form an adduct with the N7 of the guanine of an interrupting CÁG base pair as shown schematically in Fig. 1 . Such interaction would irreversibly anchor the TFO to the interrupted target DNA. In this report we demonstrate that such platinum-derivatized TFOs can indeed form highly stable adducts when targeted to a purine tract in double-stranded DNA that contains a single cytosine interruption.
Materials and methods

Protected 2
0 -deoxynucleoside, and 2 0 -O-methylnucleoside derivatized controlled pore glass (CPG) supports were purchased from Glen Research (Sterling, VA, USA). The base protecting groups were benzoyl (A, C) or isobutyryl (G). 0 -O-methyl-5-methyluridine derivatized CPG were purchased from ChemGenes (Ashland, MA, USA). Phosphoramidite solutions were prepared using synthesis-grade acetonitrile that was dried and stored over calcium hydride. Five millimolar solutions of cis-diamminedichloroplatinum(II) and trans-diamminedichloroplatinum(II) were incubated with 10 mM silver nitrate overnight at 37°C. The resulting precipitate was centrifuged, and the supernatant containing cis-diamminediaquaplatinum(II) dinitrate or trans-diamminediaquaplatinum(II) dinitrate was stored in the dark at room temperature. Matrix-assisted laser desorption/ ionization time of flight (MALDI-TOF) mass spectrometry analysis was performed at the AB Mass Spectrometry/Proteomics Facility at the Johns Hopkins School of Medicine, with support from the National Center for Research Resources Shared Instrumentation, grant 1S10-RR14702.
Synthesis of oligonucleotides
The sequences of the TFOs are shown in Table 1 . The sequence of the target duplex is shown in Fig. 1a . The sequence of the scrambled duplex is 5 0 -AGAAGAAA -(aminoalkyl)cytosine triplex-forming oligonucleotides (TFOs). a Sequence of Pol DNA target duplex and POL TFO, trEt-POL (see Table 1 ); C is 5-methylcytosine. b Proposed cross-linked C Pt ÁCG triad CAAGAAAAG-3 0 and 5 0 -CTTTTCTTGTTTCTTCT-3 0 . These oligonucleotides were synthesized with an ABI DNA synthesizer (model 392 or 3400), using standard automated phosphoramidite chemistry and procedures. The phosphoramidite solutions were made up to a concentration of 0.15 M, and 5-ethylthiotetrazole was used as the activating agent. Coupling times were 120 s for deoxyribonucleoside phosphoramidites and 360 s for 2 0 -Omethylribonucleoside phosphoramidites. The oligonucleotides were deprotected and removed from the solid support by incubating the CPG in a solution containing 300 lL of concentrated ammonium hydroxide and 100 lL of 95% ethanol for 3.5 h at 55°C. The supernatant from this reaction was evaporated to dryness, and the residue was redissolved in 200 lL of 50% aqueous acetonitrile. The oligonucleotides were purified by strong anion exchange high-performance liquid chromatography (HPLC) on a Dionex DNAPac PA 100 4 mm 9 250 mm column (Dionex, Sunnyvale, CA, USA), using a 30-min linear gradient of 0-0.5 M sodium chloride in a solution containing 100 mM tris(hydroxymethyl)aminomethane, pH 7.8, and 10% acetonitrile at a flow rate of 1.0 mL/min. The purified oligonucleotides were desalted on a C-18 Clarity tube (Phenomenex, Torrance, CA, USA). The concentration of purified oligomers was determined from their UV absorbance at 260 nm, using calculated extinction coefficients based on nearest-neighbor approximations [67] . The compositions of the oligonucleotides were confirmed by MALDI-TOF mass spectrometry (Table S1 ).
Preparation of aminoalkyl-modified TFOs and platinum-modified TFOs 2 0 -O-Methyl TFOs (Et-POL, Pr-POL, Bu-POL, Pe-POL, He-POL; see Table 1 ) were prepared as previously described [68] . Briefly, the CPG-bound oligonucleotide, which contained O 4 -triazoledeoxyuridine at position X in the oligomer (see Table 1 ), was incubated with a 0.25 M solution of diaminoalkane in dry pyridine for 30 min at room temperature. The derivatized CPG was washed with dry acetonitrile and the N 4 -(aminoalkyl)deoxycytidinemodified oligomers were deprotected and purified, as described already.
The platinum-modified TFOs were prepared from the deprotected and purified N 4 -(aminoalkyl)deoxycytidinemodified TFOs, as previously described [68] . Briefly, a 10 lM solution of the aminoalkyl-modified TFO in water was incubated with 100 lM cis-diamminediaquaplatinum(II) dinitrate or 200 lM trans-diamminediaquaplatinum(II) dinitrate at 37°C for 2-3 h. The platinated TFOs were purified by strong anion exchange HPLC as described earlier and their compositions were confirmed by MALDI-TOF mass spectrometry (Table S1 ).
Thermal denaturation experiments
A solution of 1 lM target duplex and 1 lM TFO was prepared in triplex buffer that contained 100 mM 3-(N-morpholino)propanesulfonic acid, pH 6.5, 100 mM sodium acetate, and 2.5 mM magnesium acetate. The solution containing the three strands was heated to 90°C for 10 min, allowed to cool slowly to room temperature, and stored overnight at 4°C to anneal the triplex. Absorbance at 260 nm was monitored using a Cary 3E spectrophotometer as the solution was heated from 5 to 80°C at a rate of 0.4°C/min. The melting temperature was determined by plotting the first derivative of the absorbance versus temperature and is accurate to ±1°C.
Determination of binding of platinum-modified TFOs to DNA
The 5 0 -hydroxyl group of the pyrimidine strand of the target duplex was labeled using polynucleotide kinase and c-[
32 P]ATP (specific activity of 10 Ci/mmol). The labeled strand was mixed with an equimolar amount of unlabeled complementary strand, and the solution was evaporated to dryness. The residue was redissolved in 100 lL of triplex buffer to a final duplex concentration of 1 lM. The duplex solution was heated to 90°C for 10 min, and then slowly cooled to room temperature. Solutions containing 20-100 pmol of platinated TFO were evaporated to dryness, the residue was redissolved in 10 lL of the labeled duplex 
-(5-aminopentyl)cytosine b Melting temperatures were determined at pH 6.5 in a buffer containing 100 mM 3-(N-morpholino)propanesulfonic acid, 100 mM sodium acetate, 2. solution, and the solution was stored overnight at 4°C. A 2-lL aliquot of 50% glycerol was added to each sample, and the samples were loaded on a 20% native polyacrylamide gel that was run at 100 V and 4°C in triplex buffer. The gel was dried and imaged and the radioactivity was quantitated using a Fuji FLA-7000 phosphorimager.
Reaction of platinum-modified TFOs with DNA One micromolar [ 32 P]-labeled target duplex (or scrambled duplex) with a specific activity of 10 Ci/mmol was prepared as described already. Solutions containing 40-200 pmol of platinated TFO were evaporated to dryness and redissolved in 10 lL of the labeled duplex solution to a final concentration of 4-20 lM TFO. Each reaction mixture was incubated at 37°C and quenched with 7 lL of formamide gel loading buffer. The samples were loaded on a 20% denaturing polyacrylamide gel and run at 800 V. The gel was dried, imaged and quantitated using a Fuji FLA-7000 phosphorimager.
Pt-TFO cross-link reversal by cyanide treatment
The platinum-modified TFO trPe-POL was cross-linked to the target duplex using the procedure described in the previous section. The more slowly migrating, cross-linked band was excised from the denaturing gel and extracted by shaking in 0.1 M ammonium acetate buffer, pH 6.25, and 20% acetonitrile at 37°C for 48 h. The DNA was precipitated in 100% ethanol overnight at -20°C, and the precipitate was collected by centrifugation for 20 min at 4°C. The pellet was resuspended in 70% ethanol and centrifuged for 10 min at 4°C. The pellet was dried under a vacuum and dissolved in either 20 lL of water or 20 lL of 200 mM sodium cyanide. Samples were incubated at 37°C for 48 h and electrophoresed on a 20% denaturing polyacrylamide gel at 800 V. The gel was dried and imaged using a Fuji FLA-7000 phosphorimager.
Results and discussion
Binding of N 4 -(aminoalkyl)cytosine TFOs and their platinum derivatives to DNA Figure 1a shows the triplex formed by a double-stranded DNA duplex and a platinum-derivatized TFO, trEt-POL. The sequence of the target duplex corresponds to nucleotides 4899-4915 found in the coding region of the HIV-1 polymerase (pol-1) gene [69] . The polypurine strand of the target is interrupted by a single cytosine residue located near the 3 0 -end of the strand. We have previously shown that a similar target lacking the cytosine interruption forms stable triplexes with unmodified deoxyribo TFO and 2 0 -Omethylribo TFO, and that the melting temperature of the triplex formed by the 2 0 -O-methylribo TFO is reduced from 78 to 57°C at pH 6.5 when the target contains the cytosine interruption [68] .
As shown in Fig. 1a , the platinum-derivatized TFO contains a platinated N 4 -(aminoalkyl)cytosine residue positioned opposite the interrupting CÁG base pair of the target duplex. This placement was predicted to allow the aminoalkyl-tethered platinum group to reach across the major groove of the duplex and form an adduct with the guanine N7 of the interrupting CÁG, as shown schematically in Fig. 1b . To maximize binding by increasing base stacking and prearranging the oligonucleotide in an RNAlike configuration, the TFO contains 5-methylcytosines, C, and consists of 2 0 -O-methylribonucleotides, with the exception of the platinated nucleotide, which contains a deoxyribose sugar. The length of the tether was varied between two and six methylene groups and the tether was derivatized with both cis-diamminediaquaplatinum(II) and trans-diamminediaquaplatinum(II). Table 1 lists the various nonplatinated N 4 -(aminoalkyl)cytosine-derivatized TFOs and the temperatures (T m ) at which the triplexes formed by these TFOs dissociated into three separate strands. A slight decrease in T m is seen upon addition of the 2-aminoethyl tether to the cytosine residue. However, there is no significant change in T m as the length of the tether increases. Derivatization of the 2-aminoethyl tether with a nonreactive platinum group (diEt-POL) resulted in a significant decrease, 21°C, in the T m of the third strand. This decrease is presumably due to steric hindrance of the bulky platinum group in the major groove [68] .
Platinated derivatives of the N 4 -(aminoalkyl)cytosine TFOs were prepared by reacting the N 4 -(aminoalkyl)cytosine TFO with cis-diamminediaquaplatinum(II) dinitrate or trans-diamminediaquaplatinum(II) dinitrate. The platinated TFOs were purified by strong anion exchange HPLC and characterized by mass spectrometry. The interactions of the platinated TFOs with the DNA duplex target were monitored by electrophoresis on a native polyacrylamide gel. Figure 2a shows the results of a binding experiment in which increasing concentrations of the trans-platinated N 4 -(aminopentyl)cytosine TFO, trPe-POL, were added to the target duplex. Under the conditions of the experiment, 4°C at pH 6.5, 2 lM underivatized TFO, POL, formed approximately 90% triplex, whereas only 30% triplex formation was observed in the presence of 2 lM trPe-POL. Similar experiments were carried out with both the cisplatinated and the trans-platinated N 4 -(aminoalkyl)cytosine TFOs and the results of these experiments are summarized in Fig. 2b . The platinated TFOs with an ethyl, propyl, or butyl tether gave comparable levels of triplex formation, approximately 30%, at a concentration of 10 lM. On the other hand, approximately 65% triplex formed in the presence of 10 lM trans-platinated N 4 -(aminopentyl)cytosine TFO, trPe-POL. This enhanced binding may be due to the increased flexibility of the linker that allows the bulky platinum group to be better accommodated by the major groove of the duplex.
Reaction of platinated N 4 -(aminoalkyl)cytosine TFOs with the pyrimidine strand of target DNA Platinated N 4 -(aminoalkyl)cytosine TFOs were tested for their abilities to react with the guanine of the interrupting CÁG base pair of the target duplex. We have previously demonstrated that the N7 of this guanine is accessible to platination by cis-diamminediaquaplatinum(II) within a triple-stranded helix [68] . A 4-20-fold molar excess of platinated TFO was incubated with target DNA whose pyrimidine strand was 5 0 -end-lableled with [ 32 P]phosphate. The reaction mixture was then subjected to electrophoresis on a denaturing polyacrylamide gel and the percentage of TFO-cross-linked pyrimidine strand was determined. As shown in Fig. 3a , the amount of cross-linked product formed by the trans-platinated N 4 -(aminopentyl)cytosine TFO, trPe-POL, increased as the concentration of TFO increased, reaching the level of 7.5% cross-linked at 20 lM TFO. Similar experiments were carried out with the other platinated TFOs. Although the cis-platinated N 4 -(aminoethyl)cytosine TFO, cis-Et-POL, formed a triplex with the target DNA (Fig. 2b) , cross-linking to the pyrimidine strand was not observed, as shown in Fig. 3b . This could be the result of the aminoethyl tether simply being too short to reach across the major groove and position the platinum near the interrupting guanine. Consistent with this idea is the observation that cross-linking increased as the length of the tether increased from three to five methylene groups. Further lengthening of the tether, however, diminished cross-linking, which may reflect increased entropic effects that interfere with proper alignment of the platinum with the guanine target. Because the aminopentyl tether provided the greatest percentage of cross-linking, subsequent studies were carried out using the trans-platinated N 4 -(aminopentyl)cytosine TFO, trPe-POL. Figure 3c shows the effect of temperature on the crosslinking by the trans-platinated N 4 -(aminopentyl)cytosine TFO. Although increasing temperature would be expected to decrease the stability of the triplex, the amount of cross-linking increased from 16 to 37°C in the presence of 20 lM trPe-POL. Most likely this increase reflects an increase in the rate of platination as the temperature is raised, and implies that the increase in the platinumguanine reaction more than compensates for the reduction in triplex stability at higher temperatures.
Specificity of platinated TFO binding and cross-linking
We examined the interaction of the trans-platinated N 4 -(aminopentyl)cytosine TFO, trPe-POL, with a scrambled version of the Pol DNA target duplex. This scrambled duplex has the same base composition as the Pol DNA target and a single cytosine interruption in the polypurine strand (see ''Materials and methods''). The pyrimidine strand of the duplex was 5 0 -end-labeled with [ 32 P]phosphate and binding between the duplex and TFO was monitored by electrophoresis on a native polyacrylamide gel. As expected, the unmodified TFO, POL, formed a stable triplex with the Pol DNA target duplex, but not with the scrambled duplex, as shown in Fig. 4a, lanes 3 and 4, respectively. Similar results were observed with the transplatinated N 4 -(aminopentyl)cytosine TFO. As shown in lane 5, this TFO formed a triplex with the Pol DNA duplex. However, as seen in lanes 6-8, no triplex formation was observed with the scrambled duplex, even with 10 lM TFO. This result shows that triplex binding specificity is not affected by platinum modification of the TFO. It also suggests that the platinated TFO does not react indiscriminately with the target duplex. To confirm this, the binding reaction mixtures were also subjected to electrophoresis on a denaturing polyacrylamide gel, as shown in Fig. 4b . As previously demonstrated and shown in lane 2, the transplatinated N 4 -(aminopentyl)cytosine TFO cross-links to the pyrimidine strand of the Pol DNA duplex. In contrast, essentially no cross-linked product was formed when the scrambled duplex was incubated with increasing concentrations of the platinated TFO (lanes 3-5) . Furthermore, no cross-linking was observed when the trans-platinated N 4 -(aminopentyl)cytosine TFO was incubated with the Pol DNA target in the presence of 200 lM unmodified TFO (lanes [6] [7] [8] . In this case, the unmodified TFO outcompetes the platinated TFO for binding to the target, thus preventing the cross-linking reaction. Taken together, the experiments described above show that the platinated TFO binds specifically to its designated target and that crosslinking to the target depends upon TFO binding. We also determined if the transplatin-modified N 4 -(aminopentyl)cytosine TFO was able to react with the purine strand of the target duplex. Approximately 8% cross-linked product was observed when 20 lM trPe-POL was incubated with 1 lM Pol DNA in which the purine strand was labeled with [ 32 P]phosphate (Fig. S1 ). This cross-linking most likely occurs as a result of platination of the guanine neighboring the interrupting cytosine in the purine strand of the target DNA. Also, there are two crosslinked bands present in the denaturing polyacrylamide gel of this reaction, which suggests the platinum group may also be able to react with the neighboring adenine residue in the purine strand of the target DNA. While not the original intent of this modification, these cross-links still represent covalent adduct formation, which could still be effective at inhibiting transcription of the target gene.
Characterization of platinated TFO cross-linking reaction
Cyanide, which has been shown to be an exceptionally strong ligand for platinum, is able to displace other platinum ligands, such as N7 of guanine [70] [71] [72] [73] . To verify that cross-linking between the trans-platinated N 4 -(aminopentyl)cytosine TFO and the target duplex resulted from reaction of the platinum with the pyrimidine strand, we treated the gel-purified cross-linked product with sodium cyanide to reverse the cross-link. The cyanide-treated product was then rerun on a denaturing polyacrylamide gel. As shown in Fig. 5 , treatment of the cross-linked product with water left the cross-linked product intact. In contrast, treatment with cyanide disrupted the cross-link and caused -(aminopentyl)cytosine TFO was incubated with 1 lM target duplex at 37°C for 48 h and the reaction mixtures were run on a 20% denaturing polyacrylamide gel. b Effect of tether length on cross-linking of platinated N the labeled pyrimidine strand to revert to its original mobility on the gel. This result is consistent with the notion that the platinum of the N 4 -(aminopentyl)cytosine reacts with the guanine in the pyrimidine strand of the target.
The kinetics of cross-linking was determined at 37°C. As shown in Fig. 6 , the reaction is essentially over after 12 h and the half-life of the reaction is approximately 3 h. The overall low percentage of cross-linking may be a consequence of reaction of the platinum group with the buffer. We have shown in control experiments that preincubation of platinated TFOs with buffer reduces their ability to cross-link with their DNA target (data not shown). In addition or alternatively, intramolecular platination of one of the 5-methylcytosines within the TFO could occur. This type of intramolecular platination has been reported by others and would result in an inactive TFO [27, 28, 74] .
Conclusion
Our results show that platinated TFOs can be designed to bind and cross-link to a DNA target that contains a cytosine -(aminopentyl)cytosine TFO trPe-POL (20 lM) was incubated with 1 lM target duplex at 37°C in pH 6.5 3-(N-morpholino)propanesulfonic acid, 100 mM sodium acetate, and 2.5 mM magnesium acetate -(aminopentyl)cytosine TFO was incubated with Pol DNA duplex or scrambled duplex at 4°C and the reaction mixtures were run on a 20% denaturing polyacrylamide gel. Lane 1 1 lM target duplex plus 2 lM POL, lane 2 1 lM target duplex plus 10 lM trPe-POL, lanes 3-5 1 lM scrambled duplex plus 4, 10, or 20 lM trPe-POL, respectively, lanes 6-8 1 lM target duplex plus 4, 10, or 20 lM trPe-POL, respectively, and 200 lM POL interruption of the polypurine tract. In addition to expanding the types of sequences that can be targeted by TFOs, the ability to cross-link the TFO to its target could significantly improve the biological activity of the TFO, such as blocking transcription of a targeted gene. This type of modification might be used to design TFOs that can effectively modulate gene expression in cells.
